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Abstract

HgCdlk photoeonductive deteetors can displaya nonlinear response when illuminated; In interfer-
ometric applications, this behavior must be accounted for in the data transformation process to avoid

errors in the measurement of the spectral distribution ofllte incident radiati~. A model for the distor----
tion of the interferogram is proposed and applied to solar and atmospheric observations made by the

Atmospheric llaee Molecule Spectroscopy (AWOS) Fburier transform spectrometer during orbital
sumise and sunset from the space shuttle. Empirical estimation of the DC current level is necessary
for this instrument, and satisfactory nonlinearity correction is obtained for several of the primary AT-

MOS optical filters. Rx ATMOS broadband optical filters that cover more than one-half of the alias
bandwidth, the model is inadequate due to the presenee of anti-aliasing electronic filters within the
instrument, and it is necessary to resort to estimation and subtraction of the residual baseline offset. In
either case the remaining baseline oflketsare typicallysmaller than 1%, which is satisfacto~, although
it remains a significant systematic source of error in the estimation of the abundance of telluric and
solar umstituents from the speetra.
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L Introduction

In an ideal photometric detector, the measured signal is linearly proportional to the incident fluxof
radiation; in practice photoeonductive infrared Mercury-Cadmium-%lluride (HgCd’fk)detectors can

display a nonlinear response when illuminated. Bartoli et al (1974)has demonstrated that for photon

fluxes in excessof 1019photons.cm-2. see-1 the minority lifetime in photoeonductive HgCdR is not

linearly proportional to the photon flux 0, but rather to @-2/3, producing an electrical conductivity
proportional to the cube root of the photon flux. Kinch and Borrello (1975) and Borrello (1977)have

demonstrated that this behavior is consistent with Auger recombination of carriers within the detector.

Schindler (1986) has further demonstrated that series resistance can cause the measurement to be

nonlinear regardlessof the illumination of the deteetor. Rx a voltage-biased photoeonductive detector,

the voltage output in response to a photon flux@is

‘v= (1 :;20)
(1)

r

where K1 and Kz are constants that depend on the optierd throughput and the circuit parameters.

While it is generally the case that K1 >> Kz, at the high fluxes typical of an interferometer, the

response can rarely be assumed to be linear. In either case, the measured signal is not a linear repre-

sentation of the incident photon flux,and must be corrected in some fashion to properly represent the

distribution of radiation.

In irtterferometric systems linearity is important bemuse the measured signal is an interference

pattern in which constructive and destructive superposition of the radiation near zero optical path dif-

ference produces a widely varying signal in which the modulation about the DC level contains the
information about the spectral lines in the speetrum, and the central fringe contains the information

about the shape of the continuum and the filter response. If the central fringe amplitude is distorted

by nonlinearity in the detection and sampling process, then the quality of the resulting transform will
be greatly reduceq the zero-level maybe oflket within the spectral bandpass, and out-of-band spee-

tral artifacts maybe introduced into the speetrum. The typical solution is to restrict the photon flux,

by attenuating the incident radiation, or restricting the spectral range, or both, which may provide an
unsatisfactory degradation in the signal to noise ratio and the measurement capability. An alternate

solution is to develop a model of the instrumental transfer function, which ean be used to eorreet the

measured interferogram before transformation.

We propose a model based on the expeded behavior of the detector and have expanded this cm-

eept in a power series expansion in the form of multiple correlations of the interferogram. In practice,
interferograms can be substantially corrected to remove the detector and electronic nontineari~, how-
ever, the aliasing of nonlinear harmonies places a restriction on the limits of the spectral bandpass that

can be adequately corrected. We examine these problems in the light of the practical requirements

provided by the A~OS, which is space qualified and flies aboard a space shuttle on a near annual
basis to study the Earth’s atmosphere. Flight requirements and schedules prevent the redesign of the
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detector and signal processing electronics to take advantage of developments made in the last decade

since its design and fabrication.

The implications of nonlinear detector response in absorption spectroscopy have been examined

in several previous works. Chase (19S4)demonstrated a convenient method of detecting and remov-
ing the nonlinearity based on an autocorrelation of the observed spectrum. The interaction between

phase correction and nonlinearity correction was illustrated with synthetic data. Practical application

of the method with experimental data was not included and in particular the issue of aliasing was un-
addressed. Guelachvili (19S6) developed a new method for removing nonlinearity from two-output

Fburier transform spectrometers by combining the modulated outputs, which have the same ampli-

tudes and opposite phasca, in a manner in which the nonlinear signal cancels itself out. This would

be a highlydesirable solution but is not applicable to an existingsingle detector instrument. Schindler

(19S6)proposed a nonlinearity correction circuit forphotoconductive detectors whichcompensated for

series resistance with the result being a linear measurement of the conductivity. Carter, Lindsay and

Beduhn (1990)illustrated a reduced nonlinear response from HgCd’Ibdetectors by changing the detec-

tor biasing from constant current to constant voltage, which significantlyalters the detector response,

but does not further address the fundamental problem for constant current biased detectors.

2. The ATMOS Fourier transform spectrometer

The Atmospheric llace Molecule Spectroscopy (A~OS) instrument is a high resolution Rmrier

transform spectrometer which measures solar spectra from the space shuttle during orbital sunset and
sunrise. From the atmospheric absorption in these spectra the structure and composition of the middle
and upper atmosphere are derived (l%mer et al (1987)). Whhin the A~OS instrument, interfer-
ometrically modulated solar radiation is focusscd onto a HgCdll! photoconductor (2 -16 pm), with
mean flux levets between 2x1020 and 10x 1020photons.cm- z.sec- 1, depending on the field of view

and the optical bandpass filter selected. These spectra display spectral artifacts that are indicative of
nontinear distortion of the interferogram in the detection and sampling process. Nearlyall spectra have
large spectral features between the lowfrequencydetector cutoffat 450cm-l and zero frequencywhich

Chase (1986)has demonstrated are typicalof spectra obtained with poor detector linearity and maybe
described in terms of the autocmrre]ationof the intended spectrum. Spectral artifacts at frequencies

larger than the high frequency cutoff of the optical filter and in-band zero oflkets beneath saturated
spectral features are indicative of higher order nonlinear response in the detector and sampling pro-

cess.

In-band spectral oftkets introduce systematic errors in the measured equivalent width of absorp-

tion lines. Fbr ground-based or high airmass spectra with saturated absorption features it is possible
to empirically correct for the otlket of the zero baseline, but for upper atmospheric and solar spectra
such methods are ineffectivebecause all of the absorption features are weak and there is no wayto esti-

mate zero ofiketswithin the spectral bandpass of the filter. Out of band spectral artifacts are observed
in all spectra and may affect the assay of atmospheric or solar constituents by altering the absolute
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photometric distribution. If the optical bandpass includes the upper half of the spectral alias, the non-

linear response of the detector willbe aliased, or folded back into the optical bandpass and introduce
additional intensity oflkets,

Figure 1 illustrates high sun spectra obtained with several of the A~OS optical filters covering
portions of the 0-3950 cm-1 first-order alias bandwidth. The filters were selected to cover the band-

pass between the 450 cm-l cutoff of the HgCd’lkdetector and the alias cutoff at 4000 cm-l with the
purpose of preventing the short wavelength photon noise from degrading the weaker long wavelength
signals. Filter 1 covers the spectral region between 450 cm-1 and 1150cm-1, filter 2 cxwersthe region

between 950 and 2050 cm-l and filter 3 covers the region between 1550and 3450 cm-1. In terms of

the alias bandwidth, the filters cover approximately one-eighth, one-quarter, and one-half of the alias
width respectively,with filter 3 lyingmostly in the upper half of the alias. Several features are significant
and noteworthy: (a) each of the spectra contain a large lowfrequencyfeature that resembles a triangle,
(b) the filter 1 and 2 spectra contain spectral artifacts at twice the respective central frequencies which

are a significantcomponent of the total spectral flux(area beneath the curve), (c) the filter 1 spectrum
contains a spectral artifact at three-times the central frequency of that filter, (d) filter 3 appears rela-
tivelyclean in comparison with filters 1 and 2 until it is realized that the artifacts at twiceand thrice the
central frequency of 2600cm-1 must be folded back into the spectrum and lie at apparent frequencies
of 2800and 200cm-1 respectively.Additionally, as the filterwidth is increased the width of the art ifacts
increases as well.

3. Methods

Wepropose a correction strategybased on a model of nonlinearity resulting from a reduction in the
photoresponsivity of the detector due to Auger recombination which defines a particular shape for the

nonlinear response curve of the detector, Practically, the model only provides a plausibility argument
for a curve w“thwhich the actual measured interferograms can be manipulated. Additional ccmsidera-
tions such as saturation effectswould also produce nonlinear response curves,and in practice we cannot
rule out the poss]%ilitythat the correction strategy proposed does not also include empirical corrections
for non-detator signal distortions. Unfortunately, we are constrained to working with a filtered and
sampled measurement of the true detector photoconductivity and not the actual conductance produced
in the detector.

A hypothetical detector response curve exhibiting detector nonlinearity is illustrated in Figure 2.
The abscissa represents the absolute magnitude of the photon fluxand the ordinate represents the DC
detector current. Beneath the x-axisis a representation of an interferogram; under ideal conditions,
the fluxwould range from Oto twice the DC flux level @o,but in practim the modulation efficiencyis
less than unity as suggested by the curve. lb the left of the y-axisis a representation of the measured
interferogram after distortion by the nonlinear detector.

Let us assume that the interferogram is proportional to the cube root of the flux:

1(2) = aqz)+ (2)
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and consequently, the DC term is 10 = a@# where a is an unknown constant of proportionality. In

an AC coupled single detector interferometer, the measured quantity is ~AC= 1 – 10,from which we
desire to recover the true representation of the interferogram on the incident fluxscale which we may
estimate as

[~(~)– ~O]TIfUE =
da(x)[O(z)- a’o(4]/[~lIo.

Since @– 00 = (l/a)s – (lO/a)s and (8@/tll)I0 = 31~/a3, the renormalized interferogram is

[1(z) – L)]TnuJj= IAC(Z)[l +
1 ]AC(~) 2

—1 .-+_[ lo

(3)

(4)

Immediately, one observes that awayfrom the central fringe ~,@ <C 10and the expression reduces to
IAC whichsimplyreflects that fact that the fluxvariation about the DC level issmall far from the central
fringeand consequently the nonlinar distortion isminimal. The onlyunknown in the expressionfor the

corrected interferogram is the DC detector current l., since the constant of proportionality a cancels

out.

Such a model willbe recognized as being closelyrelated to a generalized power series expansion of
the inteiferogram of the form

where z is the path ditlerence with respect to the location of the central fringe. A Fourier transform of
such an interferogram willyield a spectrum

J
+m

SOBS(U) = _m 10BS(Z)e-i2””’dZ

J

+Ce

J

+00

J

+Ca (6)

= I(z)e-i2xUZdz + a 12(z) e-i2’O”dz + /3 13(z) e-i2m0=dz + .,.
-CO -03 -Cm

in which the desired spectrum, as a function of frequency u, is the transform of the first term, and the
higher order terms are correlation harmonica,beginning with the autocorrelation

●&m

S(u) * S(o)= / ‘‘- l’(z)e-izruzdz. (7)
J-m

When such a model is applied within the context of a discrete Fburier transform an additional com-
plication arises: the autocorrelation of a bandpass filter willproduce two spectral features correspond-
ing to sum and ditlerence frequencies, as illustrated in Figure 3. In the case of a relativelynarrowband
filter covering perhaps one-eighth of the alias width, the autocorrelation will consist of a feature near
zero frequency and one at twb the central frequency of the bandpass filter. Comparison with Figure
1 indicates that there is an additional feature at three times the central frequency which is indicative
of a third-order term. Broader band filters are illustrated in Figures 4 and 5, covering one-quarter and
one-half of the aliaswidth respectively.As the filter bandpass is increased the high frequency harmonic
features cross the alias frequency and are folded back into the spectrum.
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4. Implementation and Application

A nonlinearity correction must be applied to the raw interferogram before the initiation of the
phase correction and Rmrier transformation because the correction will alter the form of the interfer-
ogram immediately around the wntral fringe. The magnitude and location of the absolute maximum
value may change and consequently alter the phase operator and hence the sytnmetty of the interfer-

ogram. Therefore, the nonlinearity correction must be implemented before the phase evaluation and

interferogram symmetrization to avoid biasing the phase spectrum with phase features resulting from

the nonlinear harmonics of the actual speetrum.

In practice the estimation of the DC current level is an empirical process, in which a series of

values are chosen and utilized in the Fourier transformation process. Spectra with values of 10 between

Oand –2. x 106 at increments of 1. x 106 are generated. A typical occultation event will include
spectra throughout orbital sunset or sumise with widelyvarying atmospheric airmasses, ranging from

1.0 x 10-7 to 20 (tangent heights of 150km to 10km, respectively),and consequently, widelyvarying

total flux levels and deteetor nonlinearity. Low sun spectra with a significant number of saturated
atmospheric absorption features may have in-band otisets assessed in a straightforward manner, but

high sun spectra can only be assessed in terms of the out-of-band artifacts. The resultant spectra are
compared against the uncorrected speetra to evaluate the effectivenessof the parameter in changing

the out-of-band artifacts and any in-band baseline ofiets. A tradeoff between minimization of the

out-of-band artifacts and in-band oflkets is alwaysnecessary, and a compromise wiil have to be made.

For the ATMOS instrument it is desired to determine a set of nonlinearity correction coefficientsthat
produce an adequate correction for all flux levels. Figure 6 compares the out-of-band artifacts for

ATMOS filters 1 and 2 with the lower traces illustrate the optimal correction coefficients. Figures 7
and 8 compare iow sun spectra before and after correction in filters 1 and 2.

The case of ATMOS filter 3 is a special case, in that the speetral bandpass of is almost one-half of

the alias width of 3950 cm-l. In such a case the nonlinear harmonic information at twh and three-
times the central frequeney of the filter are rejected by the anti-aliasing filter in the signal processing

electronics before the interferogram is sampled and rceorded. The proposed model has the problem

that it wiii introduce the harmonica and fold them back into the alias during the Fburier transform
process. Whh an adequate measurement of the anti-aliasing filter response it should be possible to

iteratively refine the nonlinearity correction. Measurements of the filter response have proved insuf-

ficient because of the sample rate which places the cutoff frequency at nearly 391.2 Khz, and circuit
models of the filter,while plausible, did not provide enough information to permit successful iterative

refinement of the nonlinearity correction parameter.

In the absence of a better model, we have resorted to determining the residual baseline ofiket
and subtracting it from the speetrum after phase correction and Fburier transformation. lb remove
both the slope remaining from the low frequeney artifact and the constant baseline ofiset remaining at
high frequencies, two straight lines are fitted to the data in the out-of-band regions, and provided they
intersect within the bandpass of the filter this provides an adequate method for removing the baseline
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offsetswithin the filterbandpass. If the lines fail to intersect then a constant baseline oftketbased on the
high frequency ofiset is all that can be applied. ‘Ijpically,this approach will bring the baseline offsets
to within 19%of the zero level, although some care needs to be used to avoid negative baseline oflkets

under saturated spectral features.

5. Conclusions

A model of a nonlinear transfer function is proposed and evaluated for removing spectral artifacts
and offsets from Fourier transform spectra obtained with singleHgCdTbdetector interferometers. The

method proves fullyadequate for spectra that lie within the lower half of the spectral alias with band-

passes less than or equal to one-half of the alias bandwidth. When either or both of these conditions
are violated, as occurswith certain optical filters, the correction method is insufficientto remove all of

the out-of-band spectral artifacts and a post transform baseline estimation and subtraction is used to
remove the residual ot%ets,

In practice, theoretical approaches look promising,but the measured signal often seem to defy un-

derstanding and empirical correction schemes look quite tempting. ‘Rvoaspects complicate modelling
the nonlinear signal measured by a Rmrier transform spectrometer: the nonlinear distortion predomi-
nantly affectsonly a fewpoints around the central fringe and an accurate model of the electronic signal

chain is essential for studying the effect of the detector nonlinearity alone. Application of a correction
scheme to a filtered and sampled interferogram mayor maynot bear much relationship to the intended

correction of the nonlinear distortion of the incident photon flux. Many years of spectroscopic evalua-
tion of signal quality has gone into the suggested correction scheme, and during that process the model
has been generalized into a power series approach in pursuit of specificimprovements. In the end none

of the variations proved significantly better than the initial model.
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Figure Captions

Figure 1. Uncorrected low resolution solar spectra obtained with A~OS filters 1 and 2. Each
frame contains two traces, one enlarged in the vertical by a factor of 10 to enhance the out-of-band
spectral artifacts.

Figure 2. A hypothetical detector response curve exhibiting nonlinearity. The horizontal axis rep-
resents the absolute magnitude of the photon fluxwhile the vertical axis represents the measured

DC photo-current, The stylizedrepresentations of the interferograms illustrate the relative distor-
tion of the central fringe compared to the rest of the interferogram under the assumption of 70 Yo
modulation efficiency.

Figure 3. (a) One-eighth alias width model of ATMOS filter 1, (b) the autocorrelation of (a), (c)
the cubic correlation of(a). Notice the spectral artifacts near zero frequency and twice the central
frequency in the autocorrelation cases, and the feature at three times the central frequency of the

filter in the cubic case. Additionally, the dominant cubic-correlation term lies within the bandpass

of the filter.

Figure 4. (a) One-quarter alias width model of ATMOS filter 2, (b) the autocorrelation of (a), (c)
the cubic correlation of(a). Notice the spectral artifacts near zero frequency and twk the central
frequency in the autocorrelation cases, and the feature at three times the central frequency of the

filter in the cubic case. Aliasing is apparent in the cubic correlation.

Figure 5. (a) One-half alias width model of ATMOS filter 3, (b) the autocorrelation of (a), (c)
the cubic correlation of(a). Notice the spectral artifacts near zero frequency and twice the central

frequency in the autocorrelation cases, and the feature at three times the central frequency of the
filter in the cubic case. Atiasing is evident in the autocorrelation function.

Figure 6. ATMOS filters 1 and 2 high sun spectra, (a) before and (b) after nonlinear@ correction.

Figure 7.A~OS filter 1 lowsun spectra-in-band comparison, (a) before and (b) after nonlinearity
uxrection.



. .

.:

1.0

0.8

.$0.6

g 0.4
H

0.2

0.0L
1 1 I 1 [ 1

, I
— 1000

t I I , t 1 1 &

2000 3000 4000

(a) ATMOS Filter 1:650-1150 cm-)

1 I I

0.2 ‘w

0.0
\

I I 1 I 1 1 I
o 1000 2000 3000 4000
(b) ATMOS Filter 2:1100-2150 cm-l

Abrams et al; Figure 1



H

I
I

I
I
I

I
I
I

——— ————————.

I
I
I

I
I

I
I

——— ——————

~

I

I

I
I

IF I

————————.

“ e“Y
.———————.



:*

1.0 -’ I
1

1 I I I 1

0.8 -

.$0.6 -

$0.4 ~

0.2 -

0.0 - ) 1 I 1 I 1
0 1000 2000 3000

(a) One-eighth alias width filter

4000

l.o~ ‘ I I I 1 I I
4

0.8 -

g

H

0.2 ~-

0.0 ~ I 1 1 I 1 I 1
0 1000 2000 3000 4000

(b) Autocorrelation of (a)

1 I I I I 1i fir I — aL.ur

0.8 -

.$0.6 -
g
~ 0“4 :

0.2 -
1(10-.-o~ ~ I

\
1

/ I 1 I 1 J
1000 2000

(c) Third-correlation of(a)

3000 4000
Wavenumber (cm-l)

Abrams et al: Figure 3



.“ *

1-

1-

0.0/ 1 L

0 -1

1.0

0.8

0.4

0.2

0.0

1 r

1 1.

0 (

(a) One-quarter alias width filter

I I 1

1 I 1

)0 3000 4000

1 I t I # I 1 -1

& 1 1 I 1 I 1

1000 2000 3000 4000

(b) Autocorrelation of (a)

1.0 ~’ I I 1 I 1 I 1

0.8 -

.$0.6 -
~
~ 0.4 -
l-l

0.2 -

0.0 - 1 I 1 I 1 I 1
0 1000 2000

(c) Third-correlation of(a)

3000 4000
Wavenumber (cm-l)

Abrams et al: Figure 4



“+

8

1.0 -’ I I 1r I 1 1 1
--l

0.8 ~

.$0.6 -

{ 0.4 :
u

0.2 -

0.0 -
\I

1 I 1 I 1 1 I
o 1000 2000 3000 4000

(a) One-half alias width filter in upper half of alias

1.0

0.8

0.6

0.4

0.2

0.0

1 I 1 I 1 I 1 d

1 1 I

1000 2000 3000 4000

(b) Autocorrelation of (a)

1.0 ‘- ‘ I I I I 1 I 1

0.8 -

g

H

0.2-

1 I i

o 1000 2000

(c) Third-correlation of(a)

3000 4000
Wavenumber (cm-l)

Abrams et al: Figure 5



Lo

0.8

.:0.6

~ 0.4
H

0.2

0.0

I I I 1 I 1 I [ d

;

1000 2000 3000 4000

(a) ATMOS Filter 1: with -1.e-6 nonlinearity correction

1.0 T-’

0.8 -

.? 0.6
g

u
0.2

0.0 ~
o 1000 2000 3000 4000

Wavenumber(cm-l)

(b) ATMOS Filter 2: with -1.le-6 nonlinearity correction

Abrams et al: Figure 6



r 1 I I I 1 I 1 I I I 1 I I I I I 1 I I
1

F
L

1 I I

715
(a) ATMOS Filter 1: without nonlinearity correction

I I I I I I I
725

.—-
Wavenumber(cm-’)

(b) ATMOS Filter 1: with -1.Oe-6nonlinearity correction

Abrams et al: Figure 7


